In pregnant ruminants, Brucella abortus localizes and replicates within the rough endoplasmic reticulum of trophoblastic epithelial cells. In this study, Vero 
Brucella abortus is an intracellular pathogen that causes chronic infections with persistent or recurrent bacteremia in humans and several species of ruminants. The organism has a marked predilection for the gravid uterus of cattle; an important step in the pathogenesis of Brucella placentitis is the invasion of trophoblastic epithelium. Studies in a caprine model (2) indicate that bacteremic B. abortus cells enter and replicate within erythrophagocytic trophoblasts and then colonize the chorioallantoic trophoblastic epithelium. Marked intracellular replication of B. abortus kills trophoblasts, and organisms are shed into surrounding tissues and fluids. The cycle of cell invasion, intracellular replication, and cell death continues, leading to overt placentitis and abortion (2) .
In trophoblasts, B. abortus replicates within cisternae of the rough endoplasmic reticulum (RER) (1, 2) . The same intracellular localization is seen in bovine trophoblasts (26) and in chicken embryo mesenchymal, yolk endodermal, and hepatic cells (7) . Replication within RER is a unique mechanism of intracellular bacterial parasitism. Usually, intracellular bacteria inhabit phagosomes, e.g., Salmonella typhimurium (21) and Yersinia enterocolitica (8) , or are free in host cell cytoplasm, e.g., Shigella flexneri (35) .
Most studies on the interactions of B. abortus with host cells deal with monocytes and polymorphonuclear neutrophils. In vitro growth of B. abortus within nonphagocytic cells has been reported, e.g., virulent strains of B. abortus replicate within chicken embryo fibroblasts (16) , hamster kidney cells (13) , HeLa cells (37) , and primary cultures or subcultures of different bovine adult and fetal cells (6, 29, 30) . Except for HeLa cells, however, these were all uncharacterized primary cell cultures, precluding meaningful comparisons. In Monolayer inoculation. After overnight incubation, medium was aspirated from culture dishes and 2 ml of bacterial suspension was added. The culture dishes were centrifuged for 20 min at 550 x g at room temperature and placed in a humidified incubator with an atmosphere of 5% CO2 at 37°C. At intervals, cover slips were removed from the petri dishes, washed in two changes of phosphate-buffered saline (PBS) at 37°C, placed in six-well tissue culture plates (Costar, Cambridge, Mass.), and further incubated in MEM supplemented with 0.25% FCS and gentamicin (50 ,ug/ml) (Gentocin; Sterling Corp., Kenilworth, N.J.) at bactericidal level to kill extracellular brucellae. In a preliminary experiment, we established that a 1-h exposure of 109 CFU of B. abortus 2308S per ml of MEM to 50 p,g of gentamicin per ml reduce their numbers to 104 CFU/ml (data not shown). Medium was replaced at 24 h. The inoculation period was defined as the period between the exposure of the monolayers to B. abortus and the introduction of gentamicin. Experiments were done in triplicate or duplicate and were repeated at least twice for each experimental treatment. Double-fluorescence staining. At intervals, cover slips were washed in PBS, fixed for 5 min in methanol at 4°C, dehydrated for 5 min in acetone at 4°C, and air dried. Brucellae were labeled by indirect immunofluorescence with goat or rabbit anti-B. abortus 2308S antiserum (smooth organisms) and rabbit anti-B. canis antiserum (rough organisms) as primary antibody. Secondary antibody was either goat antirabbit or rabbit anti-goat fluorescein isothiocyanate-conjugated antiserum (National Veterinary Service Laboratory). After being washed in PBS containing 3% bovine serum albumin, cover slips were incubated for 1 h in a 1-to-500 dilution of the primary antiserum. After washes in PBSbovine serum albumin, cover slips were incubated for 1 h in a 1-to-50 dilution of the appropriate secondary antiserum. After immunolabeling, cover slips were washed in PBS and treated for 5 min with propidium iodide (Sigma Chemical Co., St. Louis, Mo.) (25 ,ug/ml in PBS) to stain DNA. Propidium iodide fluoresces bright red when intercalated in double-stranded nucleic acid and exposed to UV light. After staining, cover slips were washed in PBS, rinsed in distilled water, and mounted on glass slides with a 90% solution of glycerin in PBS (pH 8.5). Specimens were examined by epifluorescence microscopy with either a blue (excitation at 490 nm and emission at 515 nm) or green (excitation at 545 nm and emission at 590 nm) filter.
For discrimination between intracellular and extracellular bacteria, the primary antibody was applied onto the cover slips for 30 min at 4°C before fixation. Antibodies do not penetrate through the plasma membrane of unfixed cells (11, 19) ; consequently, only adhering extracellular bacteria reacted with the primary antibody. After being washed, monolayers were fixed and stained as described above, starting after the primary antibody labeling. Since propidium iodide was applied after solubilization of the cells by methanolacetone fixation, both bacterial and host cell DNAs were stained. Enumeration of brucellae. The number of intracellular viable B. abortus was determined at 4, 8, 16, 24, 36 , and 48 h postinoculation (p.i.). Except for the 4-h samples, gentamicin was introduced in all samples 8 h after inoculation. The 4-h and 8-h samples were treated with gentamicin for 1 h before bacterial counts. After exposure to gentamicin, inoculated monolayers on cover slips were washed in PBS and incubated for 10 to 15 min in 2 ml of a 0.1% deoxycholate in distilled water. This procedure disrupted the host cells without affecting the viability of brucellae. Samples of the lysate were serially diluted in PBS for quantitation of CFU of B. abortus on tryptose agar plates containing 5% heatinactivated bovine serum. Brucella colonies were identified by colony morphology and growth characteristics (40) .
Enumeration of infected cells. For each of three cover slips, the number of cells per square millimeter was estimated at a total magnification of x400 by counting cell nuclei in five fields located along a diagonal across the cover slip (15 to 25 cell nuclei per field). The surface of the field was defined by an eyepiece reticle. The number of infected cells per square millimeter was then estimated at a total magnification of x 100 by counting infected cells in 25 fields (1 to 20 infected cells per field). The results were expressed as percentage of infected cells.
In selected experiments, the percentage of Vero cells containing 0, 1, 2, 3 to 5, 6 to 10, and >10 intracellular brucellae was estimated by examining, at a magnification of x 1,000, a total of 200 randomly selected cells in each of two to three cover slips.
Hydrocarbon adherence assay. Cell surface hydrophobicity of B. abortus (strains 2308S, 19, 2308R, and 45/20) was measured by determining the degree to which they associate with hydrocarbons (p-xylene, n-heptane, isooctane) by using a modification of the hydrocarbon adherence method of Rosenberg et al. (33) . Standardized bacterial suspensions in 0.85% saline were adjusted to an optical density of 0.20 at 600 nm (approximately 2 x 109 CFU/ml). Each bacterial suspension was divided into 36 4-ml samples to which various volumes (50, 100, 150, or 200 ,u) of hydrocarbon were added. Three tubes without hydrocarbon were controls. After agitation for 30 h in MEM containing 50 ,ug of gentamicin per ml. Inserts were then washed in cold PBS and fixed for 1 h by immersion in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) at 4°C. After fixation, membranes were removed from the inserts and stored in 0.1 M sodium cacodylate buffer at 4°C. Membranes were postfixed in osmium tetroxide, infiltrated and embedded in epoxy resin, sectioned at 70 to 90 nm, and examined with a Philips 410 electron microscope.
Reproducibility of the model. Variation in the percentage of infected cells on different cover slips in one experiment was + 15%. While variation between different experiments was much greater, the relative effect of different treatments was constant. Variation between different experiments was probably related to variations in the condition of Vero cells.
RESULTS
Microscopic observations. B. abortus 2308S entered and replicated within all cell lines tested (Vero, MDBK, Jeg-3, ROS, and PK-15) except MDCK cells (data not shown). The appearance of infected cells was similar with all cell lines. In our hands, the Vero cell line was the easiest to work with as we could easily modulate its growth and obtain uniform confluent monolayers. Uniform confluent monolayers allowed accurate and reproducible calculation of the percentage of infected cells. Because of these results, all further work was done in Vero cells.
We developed a procedure to discriminate between intracellular and extracellular bacteria based on color differences in the same microscopic field under UV light. Using the blue filter with this technique, brucellae had an intense greenyellow fluorescence, while eucaryotic cell nuclei were red (Fig. 1A to D) . When the primary antibody was applied before fixation, yellow-green fluorescence was restricted to extracellular organisms, while intracellular bacteria stained red (Fig. 1E to G) . With a green filter, both bacteria and cell nuclei were stained with an intense red fluorescence.
Intracellular localization of B. abortus 2308S in Vero cells was evident 2 h p.i. At 4 h p.i., 30 to 40% of the cells contained one or more bacteria, and at the end of the inoculation period, 8 h p.i., 40 to 50% of Vero cells contained intracellular brucellae (Fig. 1A) . Intracellular brucellae were isolated rods throughout the cytoplasm (Fig. 1A and B) . The number of cells containing at least one organism did not increase significantly after 8 h, but in a small proportion of these cells, the number of intracellular bacteria increased sharply between 24 and 48 h (Fig. 1B and C) . At 48 h p.i., 0.5 to 10% of the Vero cells were filled with bacteria ( Fig. 1C ) (referred to hereafter as infected cells). Most infected cells were in clusters of two to six cells. Brucellar replication occurred throughout the cytoplasm, except in the nuclear area. Infected cells in different phases of the mitotic cycle were frequent (Fig. 1C) . At 72 h, some heavily infected cells had ruptured and organisms were scattered over the field (Fig. 1D) .
The most accurate determination of the percentage of infected cells was obtained with cover slips sampled 40 h after the end of the 8-h inoculation period. At that sampling time, the number of infected cells was easily quantitated by scanning the cover slips at low magnification. At later sampling times, because increasing numbers of infected cells became disrupted, the estimation of the percentage of these cells was less accurate. Therefore, in all subsequent experiments in which the number of infected cells was determined, cover slips were sampled 48 h p.i.
Interaction of four B. abortus strains (544, 19, 2308R, and 45/20) with Vero cells was compared with that of strain 2308S. All smooth and rough strains entered and grew in Vero cells, and infected cells at 48 h p.i. had similar morphology. There was no difference between strains 2308S and 544, two virulent smooth strains (Table 1) . When compared with strain 2308S, larger numbers of B. abortus strain 19 adhered to Vero cells but entry of strain 19 was less efficient and, at 48 hrs p.i., resulted in a lower percentage of productively infected cells than with strain 2308S (Tables 1  and 2 ).
Rough brucellae were markedly more adherent and invasive than smooth brucellae (Table 2) . At 4 h p.i., 95% of Vero cells had associated (extracellular and intracellular) rough brucellae, while with smooth organisms, <65% of Vero cells had associated bacteria (Table 2) . Some Vero cells inoculated with rough brucellae were covered by extracellular bacteria (Fig. 1E) . In 4 to 24 h p.i. samples, the percentage of Vero cells containing intracellular brucellae was higher with rough organisms (Table 2) . Intracellular rough brucellae were frequently seen as clumps of five or more bacteria (Fig. 1F) ; this was not seen with smooth organisms. Despite the higher adherence and invasiveness of rough strains, the percentage of infected cells at 48 h p.i. was <20% of that with smooth 2308S (Table 1) .
With all strains, extracellular adherent brucellae were more abundant at the periphery of the cell (Fig. 1E) . In addition, especially with rough strains, numerous brucellae adhered to areas of the cover slips not covered by Vero cells (Fig. 1E and G) .
Effect of inoculum concentration and of centrifugation. In experiments in which dilutions of cultures of strains 19 and 2308S were incubated with Vero cells, the percentage of infected cells increased with increasing bacterial concentration (Fig. 2) . In the experiment represented in Fig. 2 ities for three hydrocarbons in aqueous-hydrocarbon biphasic systems (33) . More rough than smooth brucellae partitioned in the hydrocarbon phase, indicating that rough strains have a higher hydrophobicity (Fig. 4) (Fig. 5A) . Both smooth and rough strains of B. abortus were within cistemae of the RER (Fig. 5B and C) . The limiting membranes of brucella-filled cisternae were discontinuously lined by ribosomes. In the most heavily infected cells, brucellae were also in perinuclear spaces (Fig.  5D) . Evidence of cellular degeneration (cell swelling and vacuolation) was minimal, although some of the most heavily infected cells were necrotic as indicated by the increase in electron density of their cytoplasm and the loss of structural details. Clusters of two to four brucellae were also found within phagolysosomes, especially in less infected cells that had no organisms in the RER. While half of these brucellae were morphologically intact, the other half were degraded. Myelin figures were frequent in association with intact and degraded brucellae in phagolysosomes.
DISCUSSION
Using a double-fluorescence staining procedure and quantitative bacteriologic cultures, we were able to show that B. abortus enters and replicates in nonphagocytic Vero cells. As in trophoblasts of infected ruminants (1, 2, 26) , the cytoplasm of infected Vero cells contained large numbers of brucellae which surrounded the nuclei, and this massive intracellular bacterial replication resulted in minimal cytopathic effect.
The double-fluorescence labeling procedure provides a useful tool to discriminate microscopically between intracellular and extracellular organisms. Differentiation between the two locations of bacteria is the most difficult problem in microscopic assessment of cell culture monolayer penetration. Different methods have been proposed to overcome this problem, e.g., optical sectioning by light microscopy (27) , fluorescence quenching technique (14) , combined differential interference (Nomarski) and UV light microscopy (4), combined immunofluorescence and bright-field light INFECT. IMMUN. microscopy (11, 19) , and double-immunofluorescence microscopy (15) . These methods are cumbersome and slow, as for each determination they require the observation either of the same field under two different conditions (4, 14, 15, 27) or of two differently processed samples (11, 19) . In addition, some of these methods (14) necessitate the observation of unfixed material, a hazardous situation when working with human pathogens like B. abortus. Our procedure allows identification of both intracellular and extracellular organisms within the same microscopic field. By reducing the number of samples, it provides an easier, safer, faster, and more accurate procedure.
Electron microscopic analysis showed that both smooth and rough B. abortus replicated within RER of Vero cells. As in trophoblasts of experimentally infected goats (1, 2) and cows (26) , intracellular brucellae were within cisternae which (i) were lined by ribosomes on their cytoplasmic faces, (ii) were continuous to normal RER, (iii) had outer membranes continuous with outer nuclear membranes, and (iv) had lumens continuous with the perinuclear envelope, which also contained brucellae. Among intracellular bacteria, only Legionella pneumophila has been described in a similar intracellular location; it inhabits ribosome-lined cisternae in phagocytic (10, 17) and nonphagocytic (28) cells. However, continuity between these cisternae and RER or perinuclear envelope has never been reported. In addition, in vitro studies with blood monocytes (10) indicated that internalized legionellae are enclosed in vacuoles which are later surrounded by ribosomes, suggesting that L. pneumophila inhabits ribosome-studded phagosomes rather than RER cisternae.
Transfer to the RER may be required for unrestricted growth of B. abortus within nonphagocytic cells. Although at 8 h p.i., 30 to 50% of the Vero cells contained intracellular brucellae, at 48 h p.i. the maximal percentage of infected cells was 10%. Ultrastructurally, in cells with abundant intracellular organisms, B. abortus was always located within RER cisternae, while in cells containing few isolated brucellae, these were within phagosomes or phagolysosomes. This suggests that transfer to the RER, not internalization, is the limiting step for replication of B. abortus in Vero cells and that brucellae that fail to enter the RER are eventually destroyed or eliminated by Vero cells. Differences in infectivity between smooth and rough strains may be correlated to differences in their ability to gain access to RER.
A vesicular pathway may be involved in the transfer of B. abortus to the cisternae of the RER. In this as in other studies (1, 7; P. G. Detilleux, B. L. Deyoe, and N. F. Cheville, Vet. Pathol., in press), intracytoplasmic brucellae were always within membrane-bound structures and were never seen free in the cytoplasm. Since intracellular localization within cisternae of the RER is found with various strains and species (Detilleux et al., in press) of Brucella as well as within various types of eucaryotic cells, we suggest that transfer to the RER is Brucella-induced. Cisternae of the RER are the site of synthesis of luminal and membrane proteins. These proteins are then transported via vesicles from the RER to the Golgi apparatus where they are sorted into numerous pathways leading to different final destinations. Retrograde movement of Golgi proteins into the endoplasmic reticulum via tubulovesicular processes has recently been demonstrated (23, 24) . Similar mechanisms may be involved in the transfer of B. abortus to the RER, and consequently this organism has the potential of becoming an important tool in cellular biology.
Failure of rough B. abortus strains to replicate within some Vero cells may also result from a higher susceptibility of rough strains to intracellular killing. Although rough attenuated brucellae entered a higher proportion of Vero cells, the percentage of infected cells 2 days p.i. was lower than with smooth virulent bacteria. Lack of O-polysaccharide side chain in rough B. abortus is correlated to their higher susceptibility to killing by bovine serum (5). Similarly, components of cell wall lipopolysaccharides are important for the intracellular survival and replication of brucellae in phagocytic cells (12, 31, 32) . In vitro, cell walls of smooth brucellae are more resistant to digestion by hydrolytic enzymes than those of rough strains (22) . However, studies with extracts of neutrophil and macrophage granules indicate that both smooth and rough brucellae are resistant to lysosomal enzymes (32) . Greater susceptibility of rough strains to intracellular killing by phagocytic cells, seems to depend on the myeloperoxidase-H202-halide system (32), which is probably not active in nonphagocytic cells.
Despite a high multiplicity of infection (up to 1 Differences in adherence and invasiveness between smooth and rough strains of B. abortus are correlated to differences in physicochemical properties between the two types of brucellae. Adherence to the cell surface is required for internalization by phagocytic cells, and this adhesion is affected by electrostatic charge and hydrophobicity of both host cells and bacteria (18, 20, 36) . Correlation between bacterial hydrophobicity and the degree to which they associate with cells in culture has been demonstrated for S. typhimurium (18) and Y. enterocolitica (36) . Loss of polysaccharide side chains increases the hydrophobicity of rough bacteria; this was reported for organisms such as S. typhimurium (25) and Escherichia coli (33) and is confirmed here for B. abortus by the hydrocarbon adherence method (33) . Centrifugation increased the percentage of infected Vero cells, indicating that B. abortus attachment is also, at least in part, charge dependent. Centrifugation enhances bacterial attachment by reducing electrostatic repulsion between negatively charged bacteria and host cells (39) .
Invasion of nonphagocytic cells by smooth B. abortus may be correlated to their virulence in vivo. The attenuated vaccine strain 19 infected a smaller percentage of Vero cells than the virulent strains 2308S and 544. Unlike rough B. abortus, this difference was probably not the result of a lower ability to get access to RER or of decreased intracellular survival, because with strain 19 fewer organisms entered Vero cells. Decreased virulence of strain 19 has been attributed to its inability to metabolize erythritol (38) . Although we have not tested our Vero cell cultures for the production of erythritol, we think it unlikely that differences in erythritol metabolism are responsible for the observed difference in invasiveness.
In summary, we believe that Vero cells provide a useful in vitro model to study B. abortus interaction with nonphagocytic cells. As in ruminant trophoblasts, intracellular replication of B. abortus in Vero cells occurs within cisternae of the RER. This unique mechanism of intracellular parasitism has not been described for any other bacterial pathogen. To gain access to the cisternae of the RER, bacteria of the genus Brucella must have developed specific virulence attributes.
Further experimentation with respect to the mechanisnms of transfer of internalized brucellae to the RER are clearly indicated. The procedure presented in this report should help to achieve that goal.
